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This report contains a complete water balance analysis of the Skylab 
crewmen during the entire preflight, inflight and postflight phases. 

It is part of a larger effort to document- time trends in the Skylab 
water, mass and energy balances as well as the components of these 
balances. Previous traimmittals have been submitted covering evap- 
orative water loss analysis and energy balance. A knowledge of in- 
flight changes in total body water, which is included in this document, 
is essential for a complete understanding of the dynamics of fluid shifts 
within the body, renal function, electrolyte and hormonal regulation in 
response to extended periods of weightlessness. The results of this 
effort represents an integration of many important Skylab biomedical 
experiments including thoae associated with the mass measuring 
device, body fluid assay, biochemical response, fcxxl and nutrition, 
and mineral balance. They will be useful in analyzing these and other 
experiments such as LBNP and exercise response, in comparing 
weightlessness with bed rest, and in providing validation dgta for the 
simulation of weightlessness using mathematical models. The report 
will satisfy in part the following tasks of the statement of work for the 
extended contract: Task 2. 6, Task 2. 7, and Task 2. 8. 
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INTRODUCTION 


This report contslns the results of i water balance analysis of the 
Skylab crew. Tlte analysis wss originally Intended to provide estimates of 
evaporative water loss using a whole*body maas Input/output balance equation, 
but has been extended to Include water, body tissue, and energy baisnces. 

Results of the evaporative water losa and a prelimlnaiy energy balance analysis 
have been previously transmitted. 

This Integrative approach to describing water, mass and metabolic 
responses to weightlessness has utilised the results of several major Skylab 
medical experiments Including those associated with the mass measuring device, 
body fluid assay, biochemical responses, food and nutrition and mineral balance. 
The software necessary for this analysis effort consists of several specially 
designed subsystems; a) an extensive data base of daily fluid and mass Inputs 
and outputs for each of th<; nine subjects on each day of preftlght, Inflight and 
postflight, b) metabolic balance algorithms for computing dally and average flight 
phase values of all components of water, mass and energy balances, c) an Inte- 
grating algorithm to compute relative changes In total body composition; d) statis- 
tical algorithms for computing mean, standard deviations and errors for each 
parameter by pooling results for each subject, each flight or groups of flights 
and a limited correlation analysis algorithm for determining sources of errors 
in the balance method, and e) a plotting package that generates microfilm time- 
trend plots of any input or derived variable for any subject or groups of subjects 
over any time interval. The Input data of this analysis consists of over 12,000 
Independent measurnments representing nearly 900 man-days of continuous data 
collection. All results may be plotted as continuous dally values which prov' ies 
a convenient format for displaying, scanning, comparing and Interpreting the data. 

An effort has been made In the analysis to provide not only overall 
balances for water, mass and energy, but also to partition these balances Into 
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Us components of Input ind output. Thus, s psrtitlonsl wster balance Is pre- 
sented In this report that graphically depicts the chsnges due to water intake 
(free drinking water + food water * metabolic water) and water output (urine ■*- 
fecal water + evaporative water loss). ‘ Similarly, the mass balance separates 
out the changes in total body mass that are due to water and dry tissue: changes 
in body tissue are further divided into those due to protein and fat. The energy 
balance analysis determines the net available energy to the individual crewman 
during any period by accounting for energy input (calories in food and calories 
available by catabolism of body fat and protein) and eneiiiy losses (calories in 
urine and feces and calories stored by body tissue anabolism). 

In addition to computing these partitionat balances, a unique feature of 
the analysis provides the capability of integrating these balances to produce a 
visual description of the total change of a particular body component (i. e. , body 
water, fat, protein, mass, dry tissue) during the course of the mission. 

Previous measurements during space flight missions were performed 
only prior to and following the flight. Even on Skylab, measurements of total 
body water, protein, fat, etc. could not be performed inflight. Thus, the 
dynamic behavior of changes in body composition could not be directly obtained. 
However, this information can be salvaged from the unusually extensive collec- 
tion of metabolic balance data if certain techniques are used to reduce errors 
inherent in the balance method. The present study attempts to extract this 
valuable information from the Skylab data. 
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METHOD OF COMPIJTATIOW 

The purpose of this section is to outline the exect methods which were 
used to prepare the tables and illustrations in this report. These processed 
data consist of complete water balances including evaporative water loss, and 
changes in total body water, protein, fat and total dry tissue over long intervals 
of each mission. 

Water Balance 

The daily chb ' in total body water (i. e. , daily water balance), ^TBW, 
is given by the algebraic sum of all liquid quantities entering or excreted from 
the body according to the following relationship: (Conselazio, et al, 1963) 

i^TBW - water Intake (food drink) metabolic water excreted 

(urine feces) > evaporative water loss (skin respiratory) (1) 

Water intake and water excreted were measured on a dally basts during the Sl^lab 
missions and metabolic water could be estimated from the known fat, protein, 
and carbohydrates consumed. However, it is not possible to compute a daily 
water balance from this formulation Inasmuch as daily evaporative water loss, 
a significantly large quantity, was not measured. An alternative water balance 
equation can be derived which does not depend on either evaporative water loss 
or any other liquid quantity consumed or excreted. This will be done by first 
writing a complete gravimetric (mass) balance. 

Gravimetric Balance 

The daily change in body mass, ABWgt, is found by summing up the total 
masses (liquids solids) of all input and output quantities: 

(^BWgt - dry weight of food water Intake (food * drink) - dry weight of 
excreta (urine + feces) - water excreted (urine * feces) - evap- 
orative water loss (skin > respiratory) - weight of metabolic CO^ 

+ weight of metabolic O - dry skin losses (2) 
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Subtracting Equation (2) from Equation (1) we get, 

/\TBW - ABWgt - dry weight of food + dry wet|^t of excreta (urine + 

feces) + metabolic H.O + metabolic CO. - metabolic O ••• dry 

z z z 

skin losses (3) 

The dry skin losses In these equations refer to sweat solids, sebaceous residues, 

desquamated epithelium, nail and hair clippings, etc. The metabolic H.O, CO. 

z z 

and O refers to those insensible quantities produced or consumed by metabolism 
z 

of food stuffs as welt as the catabolism of body tissue (primarily body fat and 
protein). 

All of the quantities on the right side of Equation (3) were measured 

directly except for the metabolic H O, CO and O , which was estimated from 

z z z 

the foodstuffs, and the dry skin losses which were estimated from infrequent 
total body water measurements. The procedure used to compute these indirectly 
measured quantities are given below: 



IML associated with foodstuffs was determined indirectly from the daily amounts 
of carbohydrate (CHO), fat (FAT), and protein (PRO) in the ingested diet accord- 
ing to the stoichiometric relationships given by McHattie (1960) for reduction 
of food to carbon dioxide, water and urinary nitrogen: 

H O(met) = EFF (0. 555 CHO + 1. 071 FAT + 0. 413 PRO) (5) 

z 

CO (met) = EFF (0. 829 CHO + 1.427 FAT + 0. 775 PRO) p (6) 

2 

Ogfmet) = EFF (0. 829 CHO + 2. 019 FAT ♦ 0. 967 PRO) p ^ 


( 7 ) 
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The denettiM, p , of CO^ and were taken as 1. 977 end 1.429 g/1, reepec' 
lively. EFF ta an efnclency factor to allow for Inctanptete dlgeatloii acroea 
the gaatrointe . tlnal tract. A value of EFF wae obtefaed for each Slgrlab crew- 
man baaed on a aollds balaiKse of food and fecea according to the relattcnahlp: 

EFF - Total miaalon dry food - total mlaaton dry feces • 

Total mission dry food ^ ' 

An average value of EFF = 0. 962 - . 005 (sd) was obtained and the Individual 
crew values used In this study are given In Table I. 

Combining Equations (5 - 7) according to Equation (4) we obtain: 

IML(foodstufl) = EFF (1. 009 CHO + 1. 007 FAT + 0. 563 PRO) (9>* 

Body protein ( A Protein Loss) and body tat ( AFat Loss) catabolism 
occurred during the course of the Skylab mission. It would tje expected that 
these quantities would contribute to the net Insensible metabolic losses In a 
similar manner as equivalent amounts of foodstuffs; 1. e. 

IML(body tissue) = 1. 007 ( A Fat Loss) -t- 0. 563 ( A Protein Loss) (10) 

•NOTE: Carbohydrates and tats are metabolized completely to water and carbon 

dioxide, 

CHO or FAT + O = H O + CO 

• A z z 

or 

CHO or FAT = H_0 + CO. - O = IML(CHO or FAT) 
z z z 

so that the IML is nearly Identical to the weight of the original CHO or FAT 
metabolized. Protein, however. Is incompletely metabolized to H^O and CO^. 
the remainder being converted to urea which Is excreted from the body: 

PRO = H O + CO, - O + urea 

z z z 

Thus, 

IML(PRO) = PRO - urea = 0. 563 PRO 


It was not possible to accurately estimate the metabolic losses associated with 
body tissue metabolism on a dally basis. However, this term was Included in 
the estimate for dry skin loss 

Dry Skin Losses 

One of the purposes of tb’s study was to obtain not only estimates of dally 
water balance, but to sum up these daily balances to compute the total body 
water changes over large time Intervals (up to severs'^ months). Errors In the 
estimates of daily water balance would, therefore, be cumulative over time. 

•Note - continued - - — - - - — 

Therefore, only a fraction of the protein metabolized contributes to the net 
insensible metabolic loss. Summing these terms we get: 

IML(foodstuff) - IML(CHO) 4 IML(FAT) 4 IML(PRO) 

- CHO 4 FAT ^ 0 563PRO 

which is very close to the formulation given In Equation (9) with the exception 
of the digestive efficiency factor which has been omitted in this note for sim- 
plicity. 

The metabolized prote'n can also be found from urinary N instead of 
diet protein. 

PRO - 6. 25 X urinary N 
and 

IML(PRO) = 0. 563 x 6. 25 x urinary N 

where 6 25 Is a factor accounting for the fact that the amount of nltri^en con- 
tained In a typical protein molecule represents on the average 16% (or 1/6, 25 x 
100%) of total protein weight. In this study this latter formulation was not used 
because It was decided that dietary protein was known with better overall 
accuracy than urinary N. 
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It has previously been estimated that dry skin losses amount to at least 12-2C gm/ 
day (Roth, 1968; Webb. 1964). The difficult to measure insensible metabolic 
losses due to body tissue catabolism on Skylab represents an additional 20 - 40 gm/ 
day (Rnmbaut, 1975) error in the water balance if these factors are not taken Into 
account. From Equation (3) it can be seen that failure to take skin and body 
tissue losses into account could underestimate daily water balance by at least 
30- 60 gm/day and produce errors at the end of a one- month period of 1 - 2 
liters in total body water calculations. Thus, it was imperative to attempt an 
estimate of these quantities. This was done as follow s: 

Rewriting Equation (3), 

ATBW = ABWgt - dry weight of food + dry weight of excreta IML(foodetuff) + 

IMLfbody tissue) + dry skin losses (11) 

Define ATBW^(balanc6)as the right side of Equation (11) excluding the ia st two 
terms: 

ATBW = ,^TBW(balance) + IML(body tissue) + dry skin losses (12) 

In other words ATBW (balance' the water balance typically obtained from 
directly measured quantities not Including corrections for skin and body tissue 
losses. The left side of Equation (12) represents the true change in total body 
water as measured, in the case of the Skylab crew, by tritium dilution techniques 
before and after a period of several weeks or months Therefore, if we desig- 
nate this direct measurement of total body water change by ATBW(direct) and we 
let a general correction factor, CF. apply to the non-measured quantities, then: 

CF = IML(body tissue) - dry skin loss (13) 

and Equation (11) can be solved for CF as follows: 

CF - ATBW(direct) - ATBW(balance) (14) 

where 

ATBW(balance) - ABWgt - dry " eight of food dry weight of excreta 


IML(^ odstufO 


(15) 
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During the Skylab expert, -^nts total body water meaBurements were obtained 
at the beginning and end of each flight phase* prefllght. Inflight, and poatfUght. 

(In the case of flight SL-3, the measurement at the strrt of Inflight was omitted. ) 

The value ATBW(dlrect) was taken as the difference between any two consecu- 
tive tritium dlluMo.i measurements and the value ^TBW (balance) was computed 
from the uncorrected balance Equation (15) using the total quantities consumed, 
excreted, or changed during this same time interval. The bar above the terms 
in Equati''ns (14) and (15) indicates that these are average daily quantities during 
that particular period between TBW measurements. 

Thus, in the majority of cases, it was possible to compute a separate correc- 
tion factor for each flight phase of each crewman These values, expressed in 
gm/day, are shown in Table n. It can be observed that the average CF value 
for preflight aad inflight phases are s'milar indicating that the sum of skin and 
tissue losses were not different during these phases. The low (and even negative) 
values fo” postfllght CF is due perhaps to a normal dry skin loss which is masked 
by a greater body tissue gain during the recovery period. 

The final form of the water balance c lation used in this study can be 
written by combining Equations (9). (11), and (13): 

ATBW = ABWgt -dry weight of food + dry weight of feces + urine volume x(s. g. -1. 0) (16) 

+ EFF(1. 009 CHO ^ 1. 007 FAT + 0. 563 PRO) + CF 

where s g .8 the specific gravity of urine obtained for each cample and given 
in Table 111, and urine volume x (s g. -1. 0) represents the dry urine weight. 

Each term in Equation (16) was measured dally and continuously over 
the entire preflight, inflight postfllght periods. Their average values for 
each crewman is shown in Table IV. 

The change in total body water during a period of N consecutive days 
can be determined by algebraically summing (i.e. , integrating) the daily -water 
balance of each successive day in the interval: 
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hange In Total Body Water 
over N consecutive days 

In this study ATBW(N) was cor ; :ted for each day of the mission starting from 
either the day of launch or the day of recovery ard summing backwards and 
forwards in time from these reference points. Thus, TJW'(N) has a value ' 

Identically zero at the morning of launch or the morning of recovery. Mean 
values of TBW(N) are used In this report by averaging the values for the three 
crewmembers on each flight (n-3) or by pooling two (n-6) or three (n=9) flights. 

The method of obtaining varlcnces of TBW(N) are given at the end of this section. 

Evaporative V/ater Loss 

Evaporative Water losses were estimated cn a daily basis from Equation (1): 
Evaporative water losses = water intakeffood + drink) + metabolic 

- water excreted (urine + fecal) - ATBW (1b) 

where ATBW is the quantity obtained from Equation (IH) The evaporative 
losses computed in this study are somewhat different than those obtained In the 
study completed last year. This difference is due to slightly different values 
for EFF and some of the stoichiometric coefficients used in computing IML. but 
more importantly due to the Inclusion in this analysis of the correction factor. 

CF. Inasmuch as the CF was found to be very similar for preflight and Inflight 
periods, the differences between preflighi and inflight evaporative water loss 
would not be expected to change significantly Any conclusions reached regard- 
ing those differences in the previous study w'ould not be affected. 

Water Balance Diagrams 

Water balance diagrams were prepared using the follow ing definitions 


N 

S 


N 


TBW(N) = ^ dally water balance^ = ^ ATBW^ 


(17) 


for water intake and output: 
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Total water Intake water(drlnk) + water(food) + metabolic (19) 

Total water output = urine volume + fecal water + evaporative water loan (20) 




ChangeB in Body Tissue. Protein and Fat 

The analysis includes changes In total dry body tissue ( ATls), protein 
( A Pro) and fat ( A Fat) computed from the following assumed relationships: 

ABWgt - ATBW + ATls 

= ATBW + APro + AFat (21) 

Thus, changes in total tissue we!~ht can be ''ound by subtracting ATBW from 
ABWgt. Daily changes In total body protein were determined from the 
nitrogen balance: 

APro = 6. 25 (N(diet) - N(urine) - N(feces)) (22) 

Daily changes in body fat were computed from Equation (21) as: 

AFat = ADV^gt - ATBW - APro (23) 

- ATis - APro 


Total body changes In these quant i.’es over any interval of N oays can 
he found by sumnlng up (integrating) the dally balances analogously to Equa- 
tion (17) for tola, body water changes: 


Changes in Total Body Tissue 

during N days TBTIS(1 I 



( 24 ) 


Change in Total D'xlv Protein N 

during N days TBPRO(N) ^ APro. 


Change in Total Body Fat 
during N days 


TBFAT(N) 



( 26 ) 


1 
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Assumption ’' and Errors 

The use of an average conetant value for CF in the daily water balance 
represents the assumption that day-to-day skin and body tissue losses are 
similar. There is no information available Indicating the variability of skin 
losses either on earth or in space flight. The assumption of a linear rate of 
fat loss has, however, been confirmed in this study. Body fat loss is believed 
to make the largest contribution to the correction factor In this study. Rates 
of protein losses or gains were also found to be nearly linear during tne pre- 
flight and postflight periods. Most protein loss inflight appears to occir linearly 
over the first month before approaching a true body balance. Thus, while the 
assumption of linearity of CF may not be strictly correct for the later portlone 
of the inflight phase, its use does not introduce serious en '^r Into dally water 
balances nor do accumulative errors occur In estimating t..val body water changes 
over large periods. This latter staUmenl is borne out by the manner In which 
CF was obtained. Its derivation Insures thai changes in total body water over 
each flight phase obtained from the corrected water balance will be in absolute 
agreement with directlv measured total body wa'cr. Estimates of CF, there- 
fore, are highly depenoei.L on the accuracy of the direct tritium dilution method. 
These estimates have .^eii ^hown to be re Jistic when compared to Independent 
data of skin losses and body tissue losses (see Table U and discussion earlier 
in this section under Dry Skin Losses). The use of direct total body measure- 
ments used in conjunction with the balance method has been previously recom- 
mended vllegstead (U)7(>) as a techn'que to correct metabolic whole-bo. > 
balances for otherwise unaccountable losses and minimize accumulative error. 

In ter ns of numerical analysis this is a well known parameter estimation tech- 
nique w ith know'll and resfriefed boundary conditions. The parameter r>elng 
estimated in this case is the correction factor, CF, and the beundary conditions 
are the measured changes in TBW 
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Random experimental error of this method includes the sampling and 
Instrumental errors associated with measuring the terms in Equation (16); 1. e. 
changes in body weight, dry food, urine volume and s. g. , dry fecal mass and 
diet carbohydrate, fst and protein. Random errors associated with instrumen- 
tation have been previously estimated as less than - *>5 g/day (see Evaporative 
Water Loss report, October 1976). 


The errors (variances) associated with the integrated quantitites given in 
Equations (17, (24), (25), and (26) can be expressed as: 




N 




(27) 


wh,re ?^,(X) represents the variance of the change in X (1. e. X-total body water, 
MN 

2 

tissue, protein or fat) for the average of M subjects at the end of N days; a ( AX) 

M I 


is the variance on the ith day of the average balance of X for M subjects. In 
this fasnion the errors are observed to be accumulative starting from the refer- 
ence day (i = 1, launch or recovery day). It is believed that this is an over- 
estimation of true error, since most of the variance In the balance on any 
particular day is random, rather than a systematic error due to instrument 
calibration or experimental procedure. If the correction factor, CF, were not 
employed it may be appropriate to use accumulative errors since the daily water 
balance would always be underestimated by this quantity. Application of the 
correction factor would tend to correct and minimize accumulative errors. 

For these reasons both accumulative and non-accumulative standard errors 
were ccunputed in this study. Accumulative errors are used in the 14-day 
analysis while non-accumulative errors (shawr, below) have been plotted for the 
extended period (.?0-ddy and entire mission) analysis. The Don-accumulative 
variances for M subjecis on the Nth day are computed in I’le standard fashion: 
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where AX^ Is the water» tlstue, fat or protein balance for the Ith crewmember 
on the Nth day and AX Is the average balance of M crewmen on the Nth day. 
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Flight 

SL-2 


SL-3 


SL-4 


TABLE I 

Digestive Efficiency Factor. EI F* 


Man 

Pre flight 

Innight 

1 

0. .67 

0. 966 

2 

0. S64 

0. 966 

3 

0. 961 

0. 965 

1 

0. 9G7 

0. 965 

2 

0. 958 

0. 960 

3 

0. 959 

0. 959 

1 

o 

o 

0. 955 

2 

0. 960 

0. 969 

3 

0, 963 

0. 961 

Mean 

0. 960 

0. 963 

SD 

006 

004 

* EFF 

Fecal Solids 
Food Solids 


PostfUght Weighted Avg * 


0. 968 

0. 967 

0. 947 

0. 95T 

0. 972 

0. 965 

0. 982 

0. 968 

0. 953 

0 958 

0. 96? 

0, 960 

0. 948 

0. 953 

0. 973 

0. 968 

0. 959 

0. 961 

0. 963 

0. 962 

012 

005 


** 

Last column used in water balance analy '’l8 
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TADLE II 




Water Balance Correction Factor, CF 


Flight 

Man 

Pref 1 Utht 

Inflight 

Poatflight 

SL-2 

1 

41. 7 

56. 3 

63.6 


2 

100. 0 

126. 5 

32. 1 


3 

89. 2 

65. 9 

-11.2 

SL-3 

1 

66. 6 

G6. 6 

-119. 1 


2 

95. 7 

95. 7 

-49.0 


3 

63. 6 

63. 6 

14.7 

SL-4 

1 

24. 9 

26. 0 

74. 1 


2 

r>4. 4 

42. 9 

-7.8 


3 

95. 6 

12, 9 

-27. S 

Mean 


70. 2 

61. 8 

3.6 
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TABLE m 

Urinary Specific Gravity, s. g. 


Fllaht 

Man 

Preflljrht 

Infl ieht 

Postfllerht 

SL-2 

1 

1. 019 

1. 020 

1. 017 


2 

1.028 

1. 027 

1.020 


3 

1. 009 

1. 013 

1.009 

SL-3 

1 

1. 016 

1. 021 

1.016 


2 

1. 021 

1. 021 

1.019 


3 

1. 023 

1. 025 

1.022 

SL-4 

1 

1. 016 

1. 021 

1.014 


2 

1. 020 

1. 021 

1. 017 


3 

1. 028 

1. 031 

1.015 

Mean 


1. 020 

1. 022 

1. 017 

SD 


006 

005 

i. 004 






RESULTS 


The results of the water balance analysis are contained In the computer 
printouts and microfilm hardcopy graphics which are being delivered separately 
and should be considered as attachments to this report. The most important 
results of this analysis have been summarized graphically within this report. 

A mass balance analysis (body fat and body protein) and an energy balance 
analysis have also been performed. The computer generated results of these 
analyses are Included in the attachments mentioned above, but they will not be 
discussed in this report. Appendix A and B are summaries of the computer 
runs and graphics which are attached. 

It was requested that special attention bfe devoted to the water balance 
during the first two weeks following launch and recovery, since this period 
would coincide with Shuttle orbit time. This Information may be useful in 
predicting the response of the Shuttle crewriembers. Figures 1-14 summarize 
the most relevant water balance results for - 14 days around launch and recov- 
ery. Figures 1-8 contain the graphs of water balance and its components at 
launch and recovery for each Skylab crew and for all crew’members combined. 
Figures 9-12 illustrate the daily evaporative water losses for the same periods 
and for the same grouping of subjects. The integrated water balance provides 
an estimate of total body water char^ges, and these are shown in Figures 13 and 
14 for the - 14-day periods around launch and recovery. 

In addition to these - 14-day water balances, an additional effort was 
made to extend the time interval of study. The only continuous time periods 
which all nine crewmembers are represented include; a) two weeks of 
prefUght followed by the first four inflight weeks, and b) the last four inflight 
weeks followed by two weeks of recovery. The statistical sample is much 
greater during these intervals (nine crewmen represented) than, for example, 
in the second month inflight and it is probable that narr ^r confidence limits 
can be obtained. The changes in total body water for these periods are shown 
in Figures 15 - 17. 
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The trend of total body water changes as a result of space flight and 
recovery can best be visualized from a plot of this variable during the entire 
mission periods: prefUght, inflight, and pos tf light . These entire mission 
plots are illustrated in Figures 18, 19. and 20. Total body water is shown in 
Figure 18, total body weight/mass is presented in Figure 19, and Figure 19 
repeats the information of Figure 18 with the addition of computed total body 
water where no correction factor was used In the water balance. 

It may be of interest at some future date to analyze the corresponding 
data for ea« h crewman Individually. This Information is contained in Volume I 
(attached) of the microfilm graphics hardcopy. Volumes II - IV contain all of 
the original graphics that was used to assemble the figures in this report. 
Volume IV is probably of special Interest, since it contains summaries of water 
mass, tissue, protein and fat balance and integrated changes ir. these quan- 
tities for the one month and entire mission intervale. The computer runs that 
generated these graphics are also attached (see Appendix A) ana will be neces- 
sary if more accurate or aesthetically pleasing Illustrations are desired for 
publication or similar purposes. 



20 


DISCUSSION 

This study supports the general belief that the major source of body weight 
loss found in men returning from space flight is from a loss of body water. In 
the case of the Skylab crewmembers, this amounted to a mean decrease of 
1400 ml following orbital insertion or about 2% of be ’ weight. During the flight 
there appears to be a general tendency for a small portion of this water to return. 
Upon recovery there is a rapid water gain which is only slightly less than the 
original b’ss, but occurs during a period of 5 or 6 days as compared to the 
original loss over two days. 

Water Balance 

The water balance charts of Figures 1-8 illustrate the particular routes 
by which the total body water changes following launch or recovery. Figure 1 
summarizes the data for the average of all nine ^rewmen and Figures 2-4 shows 
the corresponding results for each of the three It fs clear that the major 

disturbance in water balance occurs duilnj; the first two days following launch. 

It is also evident that the body did not lose this water by either of the major out- 
put pathways, urine or evaporative water. In fact, total output did not change 
significantly and actua’ .j showed a tendency to decrease during this period. * 
Rather a mean decrease in total water intake of up to 40% by the second day 
appears to account for the negative water balance. Total water Intake in these 
charts represents the surri of free liquid intake plus food water plus metabolic 
water. The first several days follosvlng launch was accompanied by motion 
sickness in the majority of crewmembers, the most severe occurring during 
the second mission, SL-3. On that flight the decrease in intake persisted 
for nearly a week (See Figure 3). As will be discussed below, SL-3 was 
characterized by the largest loss in weight and body water during the week 
following launch. 

*' Note that the scale of the water balance charts is negative below the zero line, 
so that a rise in urine or total output curves toward the top of the page signi- 
fies a decrease in that quantity. It should also be observed that the difference 
between the urine and total output lines represents the evaporative water loss. 
Evaporative water loss data are summarized separately in Figures 9 - 12. 
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The decrease in water intake was not expected. Motion sickness and 
motion sickness drugs probably played a role in blunting appetite and thirst. 
However, it is possible that the decreased intake is a normal result of the 
weightlessness response (1. e. , via the angiotensin-thirst mechanism) and 
would have occurred In the absence of motion sickness. 

An interesting aspect of this analysis is that evaporative water loss does 
not appear to play a major role in these changes in overall water balance. 
Evaporative water losses were substantial and nearly equivalent to the losses 
attributed to urine and fecal water combined. Furthermore, significant changes 
in evaporative water loss occurred during several specific days in the week 
following launch. For example, the first crew experienced dramatic losses 
on the third, fourth, and fifth day of the inflight phase (see Figure 10), coin- 
ciding with exposure to unusually high cabin temperatures as a result of a heat 
shield failure. On the other hand the crews of the second and third manned 
mission exhibited small decreases in evaporative water loss. (The differences 
between evaporative water loss following launch of the first crew compared to 
both of the subsequent crews combined is evident in Figure 12). However, in 
all these situations of either Increases or decreases of evaporative water loss, 
there appears tqbe similar order of magnitude changes in water intake. Thus, 
the SL-2 crew apparently compensated completely for their increased evapora- 
tive water loss by increasing water intake and water balance during this period 
was nearly zero. 

Another important point should be mentioned with respect to evaporative 
water loss. This parameter was expected to increase during the flight because 
of the low barometric pressures in Skylab (1/3 atm). However ^ in a previous 
report it was shown that inflight evaporative water loss actually decreased by 
about ^.1 the average compared to preflight controls. 'Aliile the mechanism 
for this phenomena is not known, it was believed to be due to a sweat suppression 
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phenomena that was enhanced by lack of sweat dripping and reduced convection 
in zero>g. Figures 9-12 confirm that there was co increase in evaporative 
loss during the first two weeks Inflight except for several days on SL-2. Based 
on the discussion in the previous paragraph, It is reasonable to asbumo that had 
evaporative water loss Increased it would have been compensated for by an 
increase in water intake. 

Water balance at recovery (see Figure 5) was essentially the reverse of 
that at launch. After a lag of one day (which Included the recovery from orbit 
itself), a positive balance occurred which persisted for nearly a week. The day 
of recovery showed large increases in evaporative water loss (perhaps due to . 
the thermal stresses of reentry) which were nearly compensated for by increases 
in water Intake. The period of positive balance that ensued was due to more 
subtle changes than occurred during launch. It appears water recovery was 
accomplished by a water intake which was slightly higher than total output. 

This pattern differed only in the SL-3 crew (Figure 7) which exhibited the 
largest recovery water gains (as well as the highest losses following launch). 

This was partially attributed to an uncompensated decrease in evaporative 
water loss. It should be mentioned that the day before recovery was universally 
accompanied by large apparent decreases in evaporative water loss as wel. i 
in water intake. There is reason to suspect that these changes were not real 
but rather a result of inaccurate reporting of water intake data during the hectic 
pre-reentry preparations.. (Evaporative water loss is calculated as a function 
of water Intake). Figure 8 more dramatically illustrates this possibility in that 
the last inflight day shows a mean SL-4 evaporative water loss that approaches 
zero. 

In summary, the first two days following launch were characterized by 

a negative water balance which could be accounted for primarily by a decreased 

iT'sr 

water intake m minor decreases in urine and fecal water. The decreases 

in direct total body water found on recovery day can, therefore, be attributed to 
losses occurring immediately following launch. Changes in evaporative water 
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loss appear to be compensated by water Intake and do not affect overatl water 
balance significantly even during periods of unusually high loss. Compared 
to the negative water balance at leunch positive water balance during the post- 
flight period Is less Intense and of longer duration. 

Total Body Water Changes 

Changes In total body water during the two weeks before and after launch 
and recovery are shown in Figure 13 for the entire Skylab crew and In Figure 
14 for each flight separately. It appears that on the average the crew was 
essentially In water balance during the preflight period although there may be 
a tendency '!• r Increasing total body water. In the few days prior to launch 
and recovery, however, there is a loss of nearly half a liter probably due to 
the busy workload preceding these periods which precluded fully adequate 
hydration (or perhaps Inadequate reporting of water intake/output). The most 
notable featuies of total body water changes are the rapid changes following 
launch and recovery. The losses after launch approach a mean of 1400 ml 
and appear to be complete at the end of 2 da vs inflight, althougu each crew 
behaved somewhat differently. The return of body water during recovery 
requires nearly a week to reach a value similar to the original launch loss 
before It too levels off. 

The largest losses occurred on SL-3 and the smallest on SL-2, but there 
appears to be a trend during the first two weeks Inflight for the losses to con- 
verge toward a common value. At recovery, there is a reversal of this trend, 
the largest Increases are seen for SL-3 and the smallest for SL-2. Figure 13 
also shows that the computed change in total body water is always less than the 
change In body mass, the latter quantity being measured directly. The differ- 
ence between these curves are assumed to represent the change in body fat and 
body protein. This implies a net loss of body tissue prefligbt and InT'ght and 
a net gain of body tissue postflight. 

Throughout the manned space flight program there has been an assumption 
that the large and rapid changes in weight gain are due to the recovery of body 
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water which was lost within several days after launch. The results of this 
study support that assumption to a large extent. However, as can be seen from 
Figure 13, there are increasing differences between body water and body weight 
change beginning almost Immediately after recovery. Apparently there are 
linear rates of increase in body tissue gain upon reentry which become increas- 
ingly important with respect to weight changes after several days. 

Figures IP., 16. and 17 extend the analysis by another two weeks inflight. 
That is, the entire first month inflight and last month inflight are shown. At 
the end of the first month Inflight, a genera) tendency for slow return cf total 
body water is evident, although the figures for the entire mission show this 
trend more dramatically. The differences between average crew to^al body 
water are also apparent in Figures 16 and 17. It is not completely clear why 
there is so great a variability in the Initial loss of total bod>' water. At the 
end of the second day there is a mean loss of 0. 52, 2. 52 and 1. 16 liters (mean 
i sd = 1. 40 i 1. 19) for the crews of SL-2, SL-3, and SL-4, respectively. By 
the end of the 28th day these values become 0. 89, 1. 60, and 1. 54 liters (mean 
- sd = 1. 34 - 0. 78). In other words, total body water iias not appreciably 
changed, but the variance has been reduced by more than half. 

One factor which may explain most of this variability is the SL-3 crew's 
responiie which shows losses up to 2. 5 liters, more than twice as much as either 
of the other crew's loss. This has already been attributed to a large and per- 
sistent decrease in water Intake (see Figure 3) possibly a result of motion sick- 
ness. The differences between the SL-3 crew and the other two crew's water 
response decrease with time into the mission. This is in contradistinction to 
some of the otl f r ^ ar'ables such as body fat and protein which exhibit greater 
differences among subjects and crews as the mission progressed. Therefore, 
it may be proposed that the large variance in water loss following launch is due 
primarily to an abnormally large loss on SL-3 as a result of motion sickness. 

The total body water (with respect to morning of launch) Is shown for the 
entire preflight, inflight and postflight phases of each mission in Figure 18. 
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These plots dramstically Indic&te that vb elghtlessness lndv>ces a water loss 

that Is essentially sustained thro*jghout the length of the flight period at some 

new level that is appropriate for the zero-g environment. The d’fferent 

• 

responses fur each flight are also apparent. These Illustrations take on and!- 
tlonal meaning when compared to th^ changes in body mass which are showa In 
Figure 19. 

The smallest clianges in body water occurred on the first flight. Although 
body weight continued to fall throughout that mission, water loss did not. This 
may indicate a large loss In fat tissue which contains relatively little water. 

On the other hand, the SL-3 crew appeared to maintain their weight throughout 
most of the inflight phase while total body water gradually Increased during the 
second inflight month. This might Indicate an exchange of fet for protein tissue 
since lean body mass contains nearly 75% water . Tinally on SL-4 there Is Uttle 
difference between the body mass and body water curves. Both drop off at 
launch and maintain their levels (with a slight tendency to Increase during the 
last month Inflight) before returning to normal levels during the postfllght 
phase. In Interpreting these graphs It Is well to keep In mind the fundamental 
differences between the three flights: a) each successive crew remained inflight 
a month longer, b) each successive crew exercised longer and harder, and 
c) each successive crew received a larger caloric mtake/kg body weight. In 
addition, each crew comprised a very amall statistical sample so that strong 
conclusions regarding differences due to flight time, exercise levels and 
caloric intake may be difficult to support since they could be masked by differ- 
ences among the particular subjects. 

Figure 20 shows the effect of the water balance correction factor (see 
Methods of Computation) on the predictions of mission total body water for each 
mission. The solid line Is the result of using the correction factor and the 
dashed line represents the Identical analysis with the correction factor omitted. 
To reiterate, the correction factor was based on the difference between the 
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uncorrected water balance and the direct measurements of total body water and 
represents unaccountable dry skin and insensible metabolic losses. It is readily 
apparent that without the correction factor applied, errors accumulate rapidly 
and ridiculously large water losses are predicted (up to 6 liters during the 
second manned mission, which is approximately two kilograms larger than tlie 
maximum body weight loss). The use of the correction factor insures that the 
results from this water balance analysis agree with the direct total bod;' water 
changes revealed by direct isotope dilution methods. It is possible from this 
analysis, therefore, to obtain an estimate of the true total body water measure- 
ments between the morning of launch and the morning of recovery, rather than 
between the days on which total body water was actually measured. (These 
are shown in the table below). 

Eotliviate of ABody Weight and ABody Water Due to Weightless Flight: 
Comparison of Ground Obtained Data with Those Obtained from Water Balance, 

Analysis: 


Water Balance* Direct Measurement 


Flieht 

ABWet 

ATBW 

ABWet** 

ATBW*** 

SL-2 

-2.33 kg 

-0. 89 kg 

-2.77 kg 

-1.22 kg 

SL-3 

-3.90 

-1.53 

-3.73 

-0. 60 

SL-4 

-0.93 

-1.00 

-1.40 

-0. 63 

Means 

-2.39 

-1. 14 

-2.63 

-0. 82 


Measurement interval; morning of launch to morning of recovery. 

Measurement interval; morning of launch to first shipboard weight. 

*** 

Measurement interval: varies from (F-21 to R+0) - F-1 to R+1) 


Total body water change as determined from direct measurement shows that it 
may underestimate true inflight TBW changes by about 30%. This, of course, is 
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due to the fact that direct meaaurementa could not be perrormed immediately 
prior to launch or reentry. The differences In body weight In the two columns 
above reflect both true changes due to reentry and Inaccuracies in the mass 
measurement device. 

Comparison with Other Skviab Experiments 

To a large extent, the results reported in this study are supported by 
several other Skylab studies. The Stereometrle Body Volume Measurement 
Experiment was performed preflight .and postflight only (^^'hlttle, 1976). It 
was calculated in their report that around 73% of the inflight weight loss resulted 
from the combined loss of fluid and muscle, the remainder being due to changes 
In body fat. Although body protein and fat changes have not been r« ported in 
the present study, they were analyzed along with body water and agree well with 
these other results. Wc have found that the total inflight weight loss may be 
partitioned as foliows; water loss = 51%; dry protein loss - 14%; fat loss 36%. 
Thus, water and muscle account for 66% of total weight change. The blostereo- 
metry study indicates that most of the volume losses occurred in the legs 
(muscle and fluid), abdomen and buttocks (fat). Each succeeding crew was 
said to have lost less leg volume due to the increasing exercise and caloric 
regime. A rapid increase in volume was observed in the flrsc 5 days postfllght 
resulting from an increase in bexly fluid. The increase was attributed primarily 
to the legs. 

The Lower Body Negative Pressure study measured calf girth inflight and 
limb volume pre- and postfllght (Hoffler, 1976). Calf girth revealed rapid, 
early (by fourth day) inflight decrements with very gradual leveling off. Limb 
volume determinations yiuldod postflight losses averaging 1.5 liters for both 
legs of all 'nine Skylab crewmen. Approximately 80% ol the net inflight decre- 
ment was reported to have occurred by the third or fifth day in orbit when the 
first leg measurements were obtained. The earliest measurements wore 
obtained on the ASTP crewmen in which there was shown nearly a liter loss 
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from the legs by six hours In orbit. These suggested shifts of fluid from the 
leg do not imply loss of body fluid, but rather migration of fluid from the lower 
to the upper body. Nevertheless, the time Intervals and magnitude of these 
early losses coincides rather well with the decreases In total body water found 
In the present study. 

Another Skylab experiment was designed specifically to study Inflight 
Fluid Shifts and Anthropometric Changes on 8L-4 (Thornton, 1974). 

Results from this study reveal that by the time of the earliest Inflight measure- 
ment on mission day 3, all crewmen had lost more than two liters of extravascu- 
lar fluid from the calf and thigh. This leg volume change was greater by 800 ml 
than the average 1200 ml lost from the body by the third day, although the 
decrease by the end of the first week was about 1500 ml of total body water. It 
was suggested that the difference of about 1/2 liter that left the legs, but did not 
leave the body remains in the upper body, engorging the tissues and vessels 
above the heart. This fluid shift cephaied was confirmed by center-of-mass 
measurements. It was further revealed that this shift remained throughout 
the mission until recovery, when a sharp reversal occurred; a major portion 
of the reversal was completed within a few hours. 

These Skylab experiments confirm that an average fluid loss from the body 
of nearly 1-1/2 liters occurs within the first two days and that almost all of this 
fluid may be attributed to having originated from the legs. The shift of fluids 
from the legs begins within a few hours, although It Is not clear at this point 
whether total body water begins to decrease that early. These studies also 
confirm that the poetflight recovery of water is nearly the reverse of that which 
occurred at launch with the exceptions that the gain is more gradual and not 
complete, probably due to a loss of body tissue which occurred inflight. 

Finally, these results help clarify the problem of why there is often a poor 
correlation between weight lose and Inflight duration and of weight loss and water 
loss in men returning from space. Weight loss is the sum total of fluid and tissue 
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losses. Fluid losses occur early In flight and the volume lost is seemingly 
dependent on leg fluid volume which is shifted headward upon orbital insertion. 
In general. Duid loss is independent of flight duration. Tissue loss, however. 
Is dependent on caloric Intake, exercise levels, and mission duration. On 
short duration missions it would be expected that weight loss and fluid lose will 
correlate closely, but fluid loss and flight duration would not be related. On 
the other hand, for longer duration missions where tissue loss continues due 
to inadequate exercise or low caloric regimes, it would be expected that weight 
loss and flight duration might exhibit reasonable correlations, but not neces- 
sarily the relationship between weight and fluid losses. 
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APPENDIX A 


List of Computer Runs of Water and Maas Balance Analysis Attached to Report 

a) Printout of all programs and data base used In Skylab water, mass and energy 
balance. 

b) Run #1: Skylab water, mass anf. energy balance including skin loss correction 

factor: Dally values of 30 input/output quantities for each of nine 
subjects. 

c) Run #2: Sl^lab water, mass and energy balance: Average values of 30 input/ 

output variables for prc-/in-/postflight phases for each of nine 
subjects. 

d) Run #3: 14-day Skylab average water balance. 

e) Run #4: H-day Skylab average water and mass balance and total body changes. 

f) Run #5: Extended run Skylab average total body water changes including skin 

loss correction factor. 

g) Run #6: Extended run Skylab average total body water changes not Including 

skin loss correction factor. 

h) Run #7: Extend run Skylab average weight changes. 

i) Run #8: Extended run Skylab average dry tissue weight changes. 

j) Run #9: Extended run Skylab average total body protein changes. 

k) Run #10: Extended run Skylab average total body fat changes. 

l) Run #11: Skylab water, mass and energy balance not including skin loss correc- 

tion factor. 

Note: "Extended run" refers to time inten als greater than - 14 days from launch 

or recovery. In particular these output include the first month and last 
month of flight as well as the entire mission (preflight. Inflight and post- 
flight). These runs necessitated special programming because the indi- 
vidual data that were required to be in computer memory would normally 
have exceeded the capacity available. 
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APPENDIX B 


List of Microfilm Hardcopy Graphics of Water and Mass Balance Analjrsls 

Attached to Report 


Volume I; Skylab Water, Mass and Energy Balance-. 30 input/output vari- 
ables vs. time for each of nine subjects 

Volume II: 14-Day Skylab Average Water Balance 

Volume ni: 14-Day Skylab Total Body Water, Tissue, Protein and Fat 

Changes 

Volume IV: Extended Run Skylab Total Body Changes: Entire Mission, First 

Month Inflight, Last Month Inflight, Preflight, Recovery: Total 
Body Water, Weight, Dry Tissue, Protein and Fat. 
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PARTITIONAL WATER BALANCE FOR EACH MISSION 


The ( omiK>nents of water balance for each mission are shown In Table A-1. 
As noted earlier In the report, most of the dramatic changes occur near launch 
and recovery so that (his information is masked by the values shown in Table A- 1 
which arc daily means for the entire period. Nevertheless, there are some 
general conclusions that can be made from this data. Water balance was positive 
during the preflight period in two crews. A negative Inflight water balance is 
observed for all flights which is grealc&t for the shortest flight. This trend Is 
due in part to the averaging process which Includes more observations for each 
successive crew although the initial drop In body water Is approximately the same 
for all crews. Overall (means for nine subjects) it appears that the negative 
inflight balance was due mainly to a decreased water intake of nearly 5%, (com- 
pared to preflight) and in spite of a smaller decrease in output. The total output 
was also decreased (about - 3 %) due to a combined unexpected decrease in evap- 
orative water loss (-8'Jf) and small Increase In urine volume (2T). Thus, If 
water intake had remained constant, the change in output would have led to a net 
retention of body water. 
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